We demonstrate how a class of non-supersymmetric SO(10) GUT with asymmetric left-right theory SU (2) L × U (1) R × U (1) B−L × SU (3) C and Pati-Salam theory SU (2) L × SU (2) R × SU (4) C as intermediate symmetry breaking steps leads to successful gauge coupling unification satisfying proton decay constraints. The motivation behind this work is two fold: firstly to study the renormalization group evolution equations for gauge couplings by keeping right-handed neutral gauge boson Z R around LHC energy range leading interesting dilepton searches at collider while fixing charge partner of the gauge boson W R at very high scale; secondly to explain neutrino masses and associated lepton number violating process like neutrinoless double beta decay in three possible cases depending on how
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Introduction
The Standard Model (SM) of particle physics, a well developed theory whose predictions are verified with high precision, seems to be the low energy regime of a more fundamental theory. There are some observations like tiny neutrino mass, existence of dark matter, baryon asymmetry etc., urge for physics beyond the standard model. In the SM all particles get their mass through Higgs mechanism and neutrinos are strictly massless due to the absence of right handed partner, a must entity to get mass through Higgs mechanism. Dark matter is a matter whose existence is known only through gravitational effect and none of the standard model particles can accommodate the observed dark matter density. Also the CP violation in the SM is insufficient to explain the matter-antimatter asymmetry of the Universe. All these indicate that particle content of the standard model has to be extended. The neutrino mass can be explained if right-handed neutrinos are added to the SM. Since right handed neutrinos are singlets under SM symmetry group, they can have Majorana mass which violate B − L, an accidental symmetry of the SM by two units. A very high Majorana mass of right-handed neutrinos give rise to tiny mass of light neutrinos through Type-I seesaw mechanism [1] [2] [3] [4] [5] with not so small Yukawa coupling between Higgs and neutrinos. But in this case Majorana mass is an arbitrary parameter unlike Dirac mass which is originated by spontaneous breaking of electroweak symmetry. Majorana mass of right handed neutrinos can be generated exactly in the same way as mass of other particles if the SM gauge symmetry is extended by an SU (2) R symmetry and SM particle content by a Higgs which is a triplet under the new symmetry. Other than Type-I seesaw, there are many seesaw mechanisms to attain tiny active neutrino mass and all demand additional new particles to the SM particle content. Type-II seesaw [5] [6] [7] [8] [9] [10] [11] is one among them, which requires existence of three Higgs fields belonging to the triplet representation of SU (2) L .
Left-right symmetric [12] [13] [14] [15] models are examples of popular models where SM symmetry is extended by SU (2) R symmetry and right-handed neutrinos get Majorana mass when neutral component of right-handed Higgs triplets get vacuum expectation value. Both these models reveal parity is conserved at very high energies and is spontaneously broken at somewhere above the electroweak scale [14, 16] , hence give the origin of parity violation in the standard model. The left-right symmetric model-when spontaneous symmetry breaking occurs at few TeV-offers numerous weak interaction phenomenology with TeV scale spectrum of extra gauge bosons W ± R , Z R , right-handed neutrinos and associated scalars. Keeping charged gauge boson W R and neutral gauge boson Z R within LHC limit, TeV scale left-right symmetry provides testable consequences for collider signals in the gauge sector as well as Higgs sector [15, [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . Many attempts have been made in the context of left-right symmetry with and without spontaneous D-parity breaking to give new physics contribtions to neutrinoless double beta decay (0νββ) [9, , low-energy charged lepton flavor violation (cLFV) [23, 69, 74, 80, 82, 84, [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] and electric dipole moment (EDM) [71, 77, [105] [106] [107] [108] . A few attempts have also made in left-right symmetric model to accommodate stable component of dark matter [109-112, 112-114, 114-118] .
Models based on Left-Right symmetry are also successful in explaining the existence of dark matter and baryon asymmetry of the Universe. The recent model discussed in Ref. [119] explains both baryon asymmetry accounting for matter-antimatter asymmetry of the universe and existence of dark matter based on Pati-Salam symmetry with four generations of fermions. In this model, fourth generation neutrino forms dark matter and its number density is shown to account for the major part of dark matter in the Universe.
In [120] baryon asymmetry and existence of dark matter is explained by a model based on left-right symmetry and [109] shows TeV scale dark matter can be accommodated in the left-right symmetric model. Even though these models solve many problems of the standard model they do not explain why there are interactions with different strength and particles with a wide range of mass, a grand unified theory (GUT) is an answer to these questions. Grand Unified Theory (GUT) tells at very high energy all the three interactions of SM have same strength and because of different renormalization group evolution with energy due to the particle content of the model, end up with different strengths at present. Standard model is a very successful theory at low energy and hence, any GUT candidate should have SM gauge group as its sub group so that SM will be retained at electroweak scale. Since the rank of SM gauge group is four, the rank of gauge group of GUT should be greater than or equal to four. Hence the smallest group which can be the gauge group of GUT is SU (5) [121] . SO(10), E 6 etc. are other candidates for GUT gauge group. Along with explaining the experimental observations there are some predictions of GUT such as proton decay. Non super-symmetric SU (5) GUT is ruled out as it predicts proton lifetime much below the experimental value whereas both SO(10) and E 6 predict correct proton life time in their non-supersymmetric version. Among many models, SO(10) GUT is a promising theory as it unifies all the fermion content of SM along with right-handed neutrino in a 16 dimensional spinorial representation, thereby giving a common origin for their mass. There are a number of ways in which SO(10) can be broken to SM, which justify experimental observations and are unique by their predictions.
A GUT with Pati-Salam or Left-Right symmetries as intermediate symmetry will be of great interest. In models based on left-right symmetry or Pati-Salam symmetry, discrete parity symmetry breaks along with SU (2) R symmetry and embedding of these models in SO(10) GUT requires parity breaking scale to be very high to get the observed value of sin 2 θ W [122] , hence any effect due to the right handed current will be highly suppressed which makes the theory un-testable. Introduction of D-parity, symmetry between left and right chiral fields in SO(10) makes parity braking scale to decouple from that of SU (2) R symmetry [123] [124] [125] [126] . In such models D-parity breaks at very high energy and SU (2) R at much lower energy, giving rise to a testable effect of right handed currents at energies accessible to current experiments.
In the present work, we consider a non-supersymmetric SO(10) GUT with intermediate symmetry groups such as Pati- 
C manifesting in an extra right-handed neutral gauge boson Z R which might be detected by ongoing search experiments at the Large Hadron Collider. Depending on spontaneous symmetry breaking of SU (2) L × U (1) R × U (1) B−L × SU (3) C down to SM, we study three different scenarios with particular choice of Higgs and comment on neutrino mass and lepton number violating processes like neutrinoless double beta decay accordingly. We focus on gauged extended seesaw mechanism for the case where asymmetric left-right symmetry breaks down to SM via both Higgs doublet plus triplet and the fermion sector comprises of usual quarks and leptons plus one sterile fermions per generation. The mass formula for light neutrinos is governed by type-II seesaw dominance while type-I seesaw is exactly canceled out in the diagonalization method. We plan to discuss neutrino mass and neutrinoless double beta decay within type-II seesaw dominance relating light and heavy mass eigenvalues assuming Dirac neutrino mass matrix equals to up-type quark mass matrix. We wish to derive bound on lightest neutrino mass from new physics contributions to neutrinoless double beta decay arising from exchange of right-handed neutrinos and sterile neutrinos.
The plan of the paper is organized as following way. In Sec-II we briefly discuss the symmetry breaking chain of SO(10) with asymmetric left-right model and Pati-Salam symmetry as intermediate steps of breaking and present the one-loop RGEs for gauge couplings along with their matching conditions at different symmetry breaking scales and important mass relations. We discuss possible ways to implement the symmetry breaking of
Y , gauge coupling unification, neutrino mass and other low energy phenomenon in Sec-III, Sec-IV and Sec-V respectively. In Sec-III and Sec-IV, we examine gauge coupling unification and commented on neutrino mass and neutrinoless double beta decay. In Sec-V, we study successful gauge coupling unification with intermediate mass scales such that they generate neutrino mass via type-II seesaw mechanism. We emphasize this case with discussion on neutrinoless double decay and derive lower bounds on lightest neutrino mass by saturating experimental bounds. Towards end, we summarize our results and conclude in Sec-VI.
SO(10) GUT with Pati-Salam symmetry
The idea here is to discuss neutrino mass and associated lepton number violating process like neutrinoless double beta decay (0νββ) in a non-supersymmetric SO(10) GUT. The popular symmetry breaking is SO(10) → G SM without having any intermediate symmetry breaking steps. There are also other symmetry breaking chain SO(10) → G I → G SM where the intermediate symmetry breaking could be a three gauge groups theory like Pati- 
where we have defined
In this work, we consider how the left-right asymmetric gauge group SU (2)
C with the choice of Higgs field. We found that there are three possible ways to implement the symmetry breaking i.e.,
with B − L charge 2 • combination of Higgs doublet H R as well as Higgs triplet ∆ R .
RG evolution for the gauge couplings
We study the RGEs for the gauge couplings in a non-supersymmetric SO(10) GUT with
where the evolution equations for running coupling constants at one-loop level is given by
which can be written in the form
where we denote α i = g 2 i /4π as the fine structure constant for i-th gauge group and µ 1 , µ 2 are two different energy scales with µ 2 > µ 1 . The master formula for one-loop betacoefficients a i determining the evolution of gauge couplings at one-loop order is given as
In the above mentioned formula for a i , C 2 (G) represents the quadratic Casimir operator for the gauge bosons in their adjoint representation with values
Similarly, T (R f ) and T (R s ) are defined as the Dynkin indices of the irreducible representation for R f,s for a given fermion and scalar, respectively,
Here d(R f,s ) stands for the dimension of a given representation R f,s under all other SU (N ) gauge groups except the i-th gauge group.
Matching conditions for inverse fine structure constants:
The inverse fine structure constants satisfy the following matching conditions at different scales. At the scale
SU (2) L remain the same. Hence the matching conditions are given as
Hence, at this energy structure constants of SU (3) C and U (1) B−L are same and equal to that of SU (4) C while structure constants of U (1) R and SU (2) L of G 2113 shares the same value with that of SU (2) R and SU (2) L of G 224 respectively, i.e.,
-parity is respected hence, the structure constants of SU (2) R and SU (2) L share same value for all energies above D-parity breaking scale M D P . Hence the matching conditions of structure constants at
At µ = M U all the structure constants converge to a single one, the structure constant of SO (10) , hence the matching conditions satisfy (10) . (2.10) We denote here the one loop beta coefficients in the mass range
2) along with the matching conditions (2.7), (2.8), (2.9) and (2.10) gives the standard model gauge coupling constants as
Solutions for M D P and M U by fixing M Z R around TeV scale
At the energy scale M W , the gauge coupling constants satisfy the following relations
, (2.14)
With the above conditions along with Eqs. (2.11) to (2.13) we obtain
where the different parameters in Eq. (2.16) are given as
and
Analogously, one can also obtain the relation
where 20) and
Thus with Eqs. (2.16) and (2.19) we get the relations
The important stage of intermediate symmetry breaking 
At first, the GUT scale symmetry breaking SO(10) → G 2 L 2 R 4 C D is achieved by giving non-zero vacuum expectation value to D-parity even singlet η(1, 1, 1) ⊂ 54 H . As a result, the Higgs sector is symmetric under left-right invariance from D-parity scale (
C is done by assigning a non-zero VEV to D-parity odd singlet σ(1, 1, 1) ⊂ 210 H which is part of SO(10) GUT [124, 125] . The next stage of symmetry breaking 
Gauge coupling unification and different mass scales
We study RGEs for gauge couplings for non-supersymmetric SO(10) GUT with asymmetric left-right theory, Pati-Salam symmetry and Pati-Salam symmetry with D-parity as intermediate subgroups and the TeV scale asymmetric left-right theory spontaneously broken down to SM via Higgs doublet with B − L charge −1. The Higgs spectrum and the derived one-loop beta coefficients for this framework are presented in Table. 1. The unification plot demonstrating successful gauge coupling unification is displayed in Fig. 1 with intermediate mass scales as follows,
Group Range of masses Higgs Content a i values 
Fermion mass fitting
Since SO(10) grand unified theory unifies matter (15 components of fermions in one generation of SM plus additional right-handed neutrinos) in a 16-dimensional spinor and contains left-right symmetry and Pati-Salam symmetry as its subgroups, it provides fermion masses and mixing as well as relates quarks and leptons. Here, we intend to discuss the minimal realization of the theory by adding different combination of Higgs representation and comment whether or not they can be realistic and predictive. We restrict ourselves to Yukawa interactions of fermions at renormalizable level. It is already established that SO(10) GUT with only Higgs 10 H is inconsistent with fermion masses and mixing as SM doublet contained in 10 H is SU (4) C singlet and thus, results same structure for quarks and leptons.
With 16 F ⊗ 16 F = 10 ⊕ 120 ⊕ 126, it is possible to write down three Yukawa interaction terms using 10 H , 120 H and 126 H . As 10 H alone can not explain fermion masses and mixing and within the present scenario with no Higgs triplets contained in 126 H , we are left with the choice 10 H + 120 H . With 10 H and 120 H , the Yukawa interaction Lagrangian is given Figure 1 . Evolution of inverse fine structure constants α by
with Y 10 = Y T 10 and
C decomposition of 10 H and 120 H can be read as
Using the non-zero VEVs of Higgs field contained in 10 H and 120 H , the fermion masses read as [127] ,
where The details of the numerical fitting for fermion masses and mixing for three generation picture is rather involved and messy which is beyond the scope of this paper.
Comment on Neutrino Mass and Neutrinoless double beta decay
The fermion content of the asymmetric left-right model is given by
The spontaneous symmetry breaking for asymmetric left-right model to SM is done via Φ 1 (2, 1/2, 0, 1), Φ 2 (2, −1/2, 0, 1) and H R (1, 1/2, −1, 1). No Majorana masses for left-handed as well as right-handed neutrinos are allowed due to absence of Higgs triplets. Thus, we have only Dirac masses for charged fermions,
as well as for neutrinos
where, v 1 (v 2 ) is the vacuum expectation value for Φ 1 (Φ 2 ) and Y i are the corresponding Yukawa couplings. The sub-eV scale of light active neutrinos is explained by this Dirac neutrino mass by adjusting these couplings and VEVs. Since there is no Majorana mass for neutrinos there is no lepton number violation present in the model where symmetry breaking of asymmetric left-right models is implemented with Higgs doublets. As a result of this, the lepton number violating process like neutrinoless double beta decay is absent.
In this section we discuss the case where breaking of 
Gauge coupling unification
We study RGEs for gauge couplings for non-supersymmetric SO ( Table. 2. The unification plot demonstrating successful gauge coupling unification is displayed in Fig. 2 with intermediate mass scales as follows,
Fermion mass fitting
We need ∆ R ⊂ 126 H , Φ 1 ⊂ 10 H and Φ 1 ⊂ 10 H for spontaneous symmetry breaking of asymmetric left-right symmetry breaking. The relevant Yukawa Lagrangian at SO(10) level relevant for fermion masses and mixing is given by Table 2 . Higgs spectrum with Higgs triplet to break G 2113 to G SM and corresponding one-loop beta coefficients at various energy ranges in the symmetry breaking chain. Here one loop beta coefficients are derived from Pati-Salam scale onwards by taking complex (real) Higgs representation (1, 3, 15) where the numbers within parenthesis are for real representation.
With 10 H , 10 H and 126 H , the fermion masses are given by
We can ignore the type-II seesaw contribution
For TeV scale M R , we need small value of M D which can be obtained with fine tuning the Yukawa couplings although the details is beyond the scope of this paper. Figure 2 . Evolution of inverse fine structure constants α 
Comment on Neutrino Mass
−3 eV while fixing M ≈ 10 8 GeV. Thus, the type-I contributions to light neutrino mass is dominant than the type-II seesaw contribution having TeV scale of righthanded neutrinos.
non-zero VEV of ∆ L and ∆ R and thus violate lepton number by two units. We can write down the relevant interaction terms connecting scalar triplets and leptons as follows,
The Higgs bidoublets will result Dirac neutrino mass matrix connecting both left-and righthanded neutrinos. The Majorana mass terms M L and M R arise due to presence of scalar triplets. Thus, the neutral lepton mass matrix in the basis (ν L , N c R ) reads as
The resulting light neutrino mass is governed by type-I and type-II seesaw formula as
where, m I ν (m II ν ) is for canonical type-I (type-II) seesaw contribution to light neutrino masses m
Comment on Neutrinoless double beta decay
Due to presence of Majorana nature of neutrinos in the present scenario, we have lepton number violating process like smoking-gun same-sign dilepton signatures at LHC as well 
In most of these analysis, the left-right neutrino mixing (active-sterile neutrino mixing) is very much suppressed and as a result of this, the cross-section of heavy neutrino production and other lepton number violating processes at LHC are very much suppressed.
Grand Unification with intermediate
via Higgs doublets and triplets
Spontaneous symmetry breaking
Here the intermediate symmetry breaking With the inclusion of extra sterile singlet neutrinos along with usual left-and righthanded neutrinos, the light neutrino mass formula is governed by extended type-II seesaw with the combination of ∆ R and H R . In this case light neutrinos get mass only through Type-II seesaw even though right handed neutrinos get both Dirac and Majorana masses. The canonical type-I seesaw contribution to light neutrino mass is completely canceled out and thereby allow large value of Dirac neutrino mass which we will discuss in detail in the subsequent discussions. Within SO(10) GUT with Pati-Salam intermediate symmetry it is not possible to have vanishing Dirac neutrino mass as Pati-Salam symmetry relates both up-type quark and Dirac neutrino mass matrices with each other. Since both Dirac and Majorana masses of right-handed neutrinos are independent of light neutrino mass, the structure of Dirac and Majorana masses may provide the scope of successful Leptogenesis to explain the Baryon Asymmetry of Universe.
Gauge coupling unification
We study RGEs for gauge couplings for non-supersymmetric SO(10) GUT with asymmetric left-right theory, Pati-Salam symmetry and Pati-Salam symmetry with D-parity as intermediate subgroups and the TeV scale asymmetric left-right theory spontaneously broken down to SM via Higgs triplet with B − L charge 2. The Higgs content and one-loop beta coefficients at various stages of symmetry breaking are given in Table. 3. The unification plot demonstrating successful gauge coupling unification is displayed in Fig. 3 
Fermion mass fitting
We need both triplet ∆ R ⊂ 126 H as well as doublet H R ⊂ 16 H along with two bidoublets Φ 1 ⊂ 10 H and Φ 1 ⊂ 10 H for spontaneous symmetry breaking of asymmetric left-right symmetry breaking. Under Pati-Salam symmetry SU (2) L × SU (2) R × SU (4) C , the quarks and leptons of i-th generation put in a single representation,
Here F L ≡ (2, 1, 4), F R ≡ (1, 2, 4) and F L ⊕ F R forms 16 F spinorial representation of SO(10). We know (2, 1, 4) ⊗ (1, 2, 4) = (2, 2, 1) ⊕ (2, 2, 15), the Dirac masses for quarks and leptons of the form Y F L ΦF R are generated through non-zero VEVs of (2, 2, 1) of 10 H and 10 H , (2, 2, 15) of 126 H . Since (2, 2, 1) ⊂ 126 H is very small, we need two bidoublets contained in 10 H and 10 H for correct charged fermion masses and mixing. On the other hand, the non-zero VEV of (3, 1, 10) and (1, 3, 10) give Majorana masses for left-handed and right-handed neutrinos. Figure 3 . Evolution of inverse fine structure constants α 13 GeV leading to induced VEV for scalar triplet and type-II seesaw contribution to light neutrino mass as m (2, 2, 1) ⊕ (1, 1, 6 ) , 10 H = (2, 2, 1) ⊕ (1, 1, 6 ) , 2, 15) ⊕ (3, 1, 10) ⊕ (1, 3, 10) ⊕ (1, 1, 6 ) .
( 5.3)
The resulting fermion masses is given by
It is convenient to express Y 10 and Y 126 in terms of M d and M e [134, 135] as follows, The light neutrino mass formula is governed by type-II seesaw mechanism, m II ν = M L while type-I seesaw contribution
is exactly canceled out in the complete diagonalization method. Since light neutrino mass formula is independent of Dirac neutrino mass matrix, any value of M ν D is allowed consistent with GUT mass fitting without any fine tuning of the Yukawa couplings.
Discussion on Neutrino Mass
The relevant leptonic Yukawa interaction terms for extended seesaw mechanism are given by
After spontaneous symmetry breaking, the resulting neutral lepton mass matrix for extended seesaw mechanism in the basis (ν L , N c R , S L ) is given by
With H L → 0 and µ S → 0, the complete 9 × 9 neutral fermion mass matrix in the flavor basis of (ν L , S L , N c R ) is read as
Using standard formalism of seesaw mechanism and using mass hierarchy
we can integrate out the heaviest right-handed neutrinos as follows
The block diagonalized mass matrices for light left-handed neutrinos, heavy right-handed neutrinos and extra sterile neutrinos are
These block diagonalized mass matrices can be further diagonalized by respective 3 × 3 unitarity matrices as follows
Finally, the complete block diagonalization yields
Here the block diagonalized mixing matrix W and the unitarity matrix U.
Neutrinoless double beta decay from large light-heavy neutrino mixing
We discuss here the new physics contributions to neutrinoless double beta decay due to large left-right neutrino mixing. In the present non-supersymmetric SO(10) GUT where the TeV scale asymmetric left-right symmetry breaking is implemented with both Higgs doublets and triplets, the resulting light neutrino mass is governed by extended type-II seesaw mechanism. The type-II seesaw dominance not only provides mass relation between light and heavy neutrinos but also allows large Dirac neutrino mass and thereby gives large light-heavy neutrino mixing. This light-heavy neutrino mixing plays an important role in giving sizable contributions to neutrinoless double beta decay. The process of neutrinoless double beta decay is governed by following charge current interaction for leptons and quarks as following way
Here the light neutrinos with flavor α = e, µ, τ is related with mass eigenstates of neutral leptons as
From the unification plot, it is clear that the mass of right-handed charge gauge boson W R is kept at very hight scale. Because of large value of M W R , the new physics contributions to 0νββ due to purely right-handed current is negligible as these contributions are proportional
) and η− (∝ tan θ W LR ) diagrams are very much suppressed. The only contributions which can contribute to 0νββ are arising from purely left-handed currents due to exchange of light left-handed neutrinos ν L , right-handed neutrinos N R and sterile neutrinos S L as displayed in Fig. 5 . Since the flavor neutrino state ν α is a linear combination of mass eigenstates ν i , N j , S k , there are three different Feynman diagrams contributing to neutrinoless double beta decay Table 4 . The effective Majorana mass parameters arising from purely left-handed currents due to exchange of left-handed neutrinos ν L , right-handed neutrinos N R and sterile neutrinos S L .
arising from purely left-handed charge current interaction as shown in Fig. 5 . The Feynman amplitude for these diagrams are proportional to
16)
The resulting effective Majorana mass parameters, a measure of lepton number violation for these contributions are given by
The corresponding inverse half-life expression for this rare process 0νββ due to exchange of ν, N and S is given as follows 17) where K 0ν 1.57 × 10 −25 yrs −1 eV −2 is the product of the phase space factor, square of the nuclear matrix elements (NME) and the inverse of electron mass square.
Numerical result for 0νββ
We aim to present numerically different new physics contributions to 0νββ transition with the variation of lightest neutrino mass and derive lower bound on lightest neutrino mass by saturating the existing experimental bound on 0νββ. The input model parameters needed for the said purpose are listed as follows:
• Structure of M D Since SO(10) GUT contains Pati-Salam symmetry as highest subgroup relating quarks and leptons, the structure of Dirac neutrino mass matrix is expected to be of the order of up-type quark mass matrix. Assuming TeV scale asymmetric left-right symmetry originated from Pati-Salam symmetry [12] or SO(10) GUT [136] , and without considering RG corrections, the form of M D is derived to be 1 • Structure of M The N R −S L mixing matrix M is assumed to be diagonal and degenerate for simplicity of the numerical calculations and the mass matrix is given by
where we chose m 0 to be 200 GeV, 500 GeV and 1000 GeV for our numerical estimations.
• Physical masses and mixing for neutral leptons The complete diagonalization of neutral lepton in LRSM with additional fermion singlet has been discussed in Ref. [141] and we summarise them for our present discussion. The physical masses for light left-handed Majorana neutrinos, heavy righthanded Majorana neutrinos and sterile neutrinos in terms of oscillation parameters is given by
The relevant mixing elements needed for 0νββ are like light-light active neutrino mixing matrix as U ν = U PMNS , mixing between left-handed and right-handed neutrinos as Θ =
and mixing element between light active neutrinos and sterile neutrinos as Y =
• U PMNS and Oscillation Parameters
The light active neutrino matrix can be diagonalized by the Pontecorvo-Maki-NakagawaSakata (PMNS) mixing matrix U PMNS as
where We denote s ij = sin θ ij , c ij = cos θ ij and diagonal phase matrix P = diag 1, e iα , e iβ , where δ is the Dirac CP phase and α, β are Majorana phases. We vary them from 0 to 2π in our numerical computation. The mixing angles like the atmospheric mixing angle as θ a ≡ θ 23 , the solar mixing angle as θ s ≡ θ 12 , and the reactor mixing angle as θ r ≡ θ 13 and their 3σ ranges are presented in Table. 5 Oscillation Parameters 3σ range 3σ range 3σ range (Schwetz et al. [142] ) (Fogli et al.[143] ) (Gonzalez-Garcia et al [144] Table 5 . The mass squared differences and mixing angles with their allowed 3σ range. However we have taken the values given in Ref. [144] for our numerical computation.
In this work where the light neutrino mass is governed by type-II seesaw dominance, the heavy neutrino mass eigenvalues are related to light neutrino mass eigenvalues as follows:
For NH pattern
where M 3 being the largest mass eigenvalue for right-handed Majorana neutrinos.
For IH pattern
M 2 being largest mass eigenvalue of right-handed neutrinos. We have fixed M 3 (M 2 ) as 5 TeV for NH (IH) pattern.
The expression for inverse half-life for a given isotope for these contributions due to exchange of light neutrinos, heavy right-handed neutrinos and heavy sterile neutrinos is given by 24) where G 01 represents standard 0νββ phase space factor, M i as the corresponding nuclear matrix elements for the different exchange processes and η i are dimensionless particle physics parameters.
Due to Light neutrinos:
The lepton number violating dimensionless particle physics parameter for 0νββ transition due to the exchange of light neutrinos is given by 25) where m e is the electron mass. Due to right-handed neutrinos: The new non-standard contribution to 0νββ decay arising from the purely left-handed currents via the exchange of right-handed neutrinos results in the lepton number violating dimensionless particle physics parameter
We define here p as the virtual neutrino momentum of the order of the nuclear Fermi scale, p ≈ 100 MeV and m p is the proton mass. We also consider mass of right-handed neutrinos larger than nuclear fermi scale i.e,
|p|, the propagator simplifies as
Thus, the effective dimensionless particle physics parameter due to exchange of heavy righthanded neutrinos is found to be 29) and the corresponding effective Majorana mass parameter is given by
Due to heavy sterile neutrinos: Similarly, the contribution to 0νββ decay arising from heavy sterile neutrinos gives lepton number violating dimensionless particle physics parameter as,
(5.31) Figure 8 . Effective Majorana mass parameter and Half-life of 0νββ decay due to exchange of heavy sterile neutrinos as a function of the lightest neutrino mass for a NH and IH pattern.
Assuming M S i |p|, the dimensionless particle physics parameter and effective Majorana mass parameter due to exchange of sterile neutrinos are expressed as,
(5.32) Figure 9 . Effective Majorana mass parameter and Half-life of 0νββ decay due to combine effect of heavy right-handed neutrinos plus sterile neutrinos as a function of the lightest neutrino mass for a NH and IH pattern.
Combined contributions The combined contribution to effective Majorana mass parameter due to exchange of heavy right-handed neutrinos as well as sterile neutrinos is given by
Analogously one can write the combined contribution to half-life for 0νββ decay due to exchange of light left-handed neutrinos, heavy right-handed neutrinos and sterile neutrinos is given by 34) where the total contributions to effective mass parameter is found to be
Using these input parameters and the 3σ ranges of the oscillation data from Table- We have also carried out a detail analysis on neutrino mass and neutrinoless double beta decay for the case where TeV scale asymmetric left-right symmetry breaking is done with both scalar doublets and triplets while adding an extra fermion singlet per generation to the minimal particle content. The resulting light neutrino mass formula is governed by natural type-II seesaw mechanism where mass eigenvalues for light and heavy neutrinos are related. The type-I seesaw contribution is exactly canceled out in the diagonalization of complete neutral lepton mass matrices and thus, there is no constraint on Dirac neutrino mass from light neutrino mass formula. We have considered Dirac neutrino mass matrix is equal to up-type quark mass matrix for all our numerical analysis which is a characteristics of Pati-Salam symmetry. It is well-known that 0νββ process violate lepton number by two units and are mediated by Majorana neutrino mass terms which eventually manifest the Majorana nature of neutrinos. We found that if only the standard light active neutrinos are considered than the effective electron mass parameter m ee is few order magnitude smaller that the current limit of the next generation experiments and it will be very difficult to get a signal. Also we have shown that inclusion of the new physics contributions to neutrinoless double beta decay induced by the exchange of right-handed neutrinos and sterile neutrinos can saturate the present experimental limit and it is possible to see a signal at the next generation experiments. We also found the lower limits on the absolute mass scale of the lightest neutrinos m 1 ≥ 1 meV for NH and m 3 ≥ 5 meV for IH.
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